The permeability of coal seams is pore pressure-dependent. A number of analytical models have been proposed to investigate this problem, but many disregard a crucial factor: the anisotropy of coal. This paper is devoted to investigating the role of anisotropy in modeling the change of horizontal permeability with pressure. Analysis is conducted using a fully anisotropic model that incorporates both the anisotropies of mechanical properties and of the permeability dependence on stresses. Analytical expressions of the pressure-permeability relationship are derived in oedometric and isochoric geomechanical conditions, and validations are conducted against both laboratory and field data. Then, the roles of the anisotropy of stiffness and of permeability dependence on stresses in the permeability-change model are explored. We demonstrate that the mechanical anisotropy can be simplified to an isotropic model without introducing significant errors in prediction of pressure-permeability relationship, while neglecting the anisotropy of permeability dependence on stresses leads to considerable errors. When both anisotropy sources are disregarded, the pressure-permeability curve can be exactly reproduced by a totally isotropic material in both oedometric and isotropic conditions. However, the material properties (e.g., bulk modulus) are skewed; moreover, such an equivalent material might lead to significant errors in other geomechanical conditions. Finally, the permeability change is investigated at the reservoir scale, and the reservoir simulation results confirm the conclusions obtained from the analytical analysis.
Introduction
Coalbed methane (CBM) is an important source of energy in the United States, Canada, Australia, and China among other countries. Different from other geomaterials encountered in natural gas recovery , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ity). As most geomaterials, coal seams exhibit transverse isotropy of its mechanical behaviour. Because of the dual-porosity system, the mechanical anisotropy of coal seams is controlled by two opposite effects.
Regarding the coal matrix, the lamination and preferred orientation of the macerals during sedimentation, compaction and diagenesis processes contribute to an intrinsic anisotropy of the coal matrix: the horizontal Young's modulus is greater than the vertical one, E/E 3 > 1 (the axis 3 is vertical). Thus, this intrinsic anisotropy increases with the degree of maturation, as demonstrated by Morcote et al. (2010) . Regarding the cleats, they are prone to be sub-vertically oriented and thus counteract the effect of bedding. In theory, the compressibility of vertical cleats can lead E/E 3 at the seam scale to be less than 1. The cleats are sensitive to the confining stress: sealing the vertical cleats leads the anisotropy to be more and more dominated by the fabric and so causes E/E 3 to increase. Combining the two opposite effects, the anisotropy of elastic properties of coal seams is variable, depending on the degree of maturation, on the confining stress, and on the size of tested samples (number of cleats). For instance, the ultrasonic velocity measurements by Morcote et al. (2010) revealed that horizontal P-wave velocities are greater than vertical velocities for three types of coal. Espinoza et al. (2014) ; Hol and Spiers (2012) found E and E 3 are comparable. However, Pone et al. (2010) showed that, for a coal sample exposed to 6.9 MPa hydrostatic stress, the y-axis strain is greater than the z-axis strain (z-axis is the vertical direction). Beside the mechanical anisotropy, how permeability depends on effective stresses is also anisotropic. As shown by Espinoza et al. (2014) , variation of horizontal effective stress leads to more change in horizontal permeability compared to variation of vertical effective stress with the same magnitude, indicating the anisotropy of the cleat compressibility α. This paper is devoted to investigating the role of anisotropy in the permeability changes in coal seams.
It should be noted that the permeability of coal seams is anisotropic: the horizontal permeability is different from the vertical one. However, the present work focuses on the horizontal permeability only. This is because CBM formations are commonly thin, and hence mostly horizontal flow is involved in the production of methane. Therefore, for what concerns CBM processes, the horizontal permeability predominates, and the role of the vertical permeability is secondary. In this sense, the term "permeability" used in the present work specifically refers to the horizontal permeability. In summary, the paper focuses on the role of anisotropies (i.e., anisotropy of the mechanical properties and anisotropy of the dependence of permeability on stresses) in the change of the horizontal permeability, not on the anisotropy of permeability itself. The paper is composed of four parts. After the introduction, the theoretical background used for the analysis is shortly recalled, including a transverse isotropic poromechanical model and a permeability law that depends in a transversely isotropic manner on effective stresses. Then, the role of anisotropy is investigated by analytical 3   119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177 modeling at the scale of a representative element volume (REV) as well as numerical modeling at the scale of a CBM reservoir.
Theory

Transverse isotropic poromechanical model
The poromechanical model used in this work is a double porosity transverse isotropic model developed by Espinoza et al. (2014) . In brief, the model for coal seams is based on poromechanical equations that explicitly take into account the effect of adsorption on the mechanical behavior of a microporous medium (Brochard et al., 2012) . As discussed previously, the double porosity system of coal seams is composed of 1) the cleat macro-porosity where the fluid is in bulk state, and 2) the micro-porosity within the coal matrix where the fluid is in adsorbed state, and where adsorptive-mechanical couplings (e.g., swelling or shrinking) originate. The contribution of cleat compressibility to the poromechanical behaviour of coal seams is modelled using conventional anisotropic poroelasticity (Cheng, 1997) ; the effect of adsorption-induced phenomena in the coal matrix is modelled using the theory of generalized poromechanics for microporous media developed by Brochard et al. (2012) and Espinoza et al. (2013) . The model equations are established from a thermodynamical formulation on the basis of energy conservation. Details about the model derivation can be found in Espinoza et al. (2014) , and a more detailed formulation for isotropic solids can be found in Nikoosokhan et al. (2014) . We merely recall the model equations (the symmetry is around axis 3):
The first seven equations are the conventional anisotropic poroelasticity added with a term S a . σ ij and ε ij are total stress and strain tensors defined at the coal seam scale; P c is the pressure of fluid in the cleat. C 11 , C 12 , C 13 , C 33 , C 44 are the five independent stiffness coefficients; b 1 and b 3 are cleat-induced 4   178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236 Biot coefficients; N is Biot modulus; ϕ c is cleat porosity. The term S a quantifies the stress needed to keep the coal matrix at zero volumetric strain during adsorption (see the first three equations), so it is termed adsorption stress. The last eighth equation describes the total amount of fluid in per unit volume of coal seam, n T , as the sum of two terms: 1) the amount of fluid adsorbed in the matrix, n m , and 2) the amount of fluid in the cleats, which is equal to the cleat porosity, ϕ c , multiplied by the bulk fluid molar density, ρ b .
The coal matrix strain ε m is related to the volumetric strain at the coal seam REV scale ε = ε 11 + ε 22 + ε 33 through the following relation (Coussy, 2010) :
where ϕ c0 is the reference porosity of an undeformed fractured coal. The adsorbed fluid in the coal matrix, n m , depends both on fluid pressure, P m , and on volumetric strain, ε m . Since strains of the coal matrix are small, the amount n m of adsorbed fluid can be approximated by its first-order expression with respect to ε m (Brochard et al., 2012) :
where n m0 is the adsorbed quantity at zero matrix strain. The adsorption isotherm is written here in form
and P L are two constants. The term c(P m ) is a coefficient that quantifies the effect of strain on adsorption capacity. This coupling coefficient is positive for fluids that make coal swell.
Using Equation (3), the adsorption stress can be expressed as:
where V b is the molar volume of the fluid in bulk conditions as a function of temperature and pressure. This term can be thought as an analog of thermal stress, but for adsorption (Espinoza et al., 2014) . The S a -P m relationship for methane is shown in Figure 1a . (K m ) as follows (Coussy, 2010) ,
According to Gibbs-Duhem equation, the pressure of fluid is related to the chemical potential as dU = V b (P ) dP for isothermal conditions. In this sense, the term P m is the pressure of the bulk fluid at the same chemical potential as the adsorbed phases in the coal matrix, termed thermodynamic pressure. In the following, the pressure of the fluid in the cleats and the thermodynamic pressure of the fluid in the coal matrix are assumed to be equal, implying fluid in the cleats is in thermodynamic equilibrium with fluid in the coal matrix at all times. Accordingly, the two terms P c and P m are presented by one term P , termed pore pressure. It is true that a pressure gradient can exist between the cleat and the coal matrix, especially in transient states (Peng et al., 2014) . Hence, the assumption of local homogeneity of pore pressure is a limit to the applicability of the model to real cases.
The anisotropy of coal swelling (Day et al., 2008; Wang et al., 2009; Pan and Connell, 2011 ) is considered in the present work as a direct consequence of the anisotropy of the stiffness coefficients of the dry material.
Indeed, Espinoza et al. (2013) showed that swelling anisotropy comes mostly from the anisotropy of the stiffness coefficients, and not so much from the anisotropy of the adsorption stress itself. Therefore, in the present work, we considered an isotropic adsorption stress; nevertheless, combined with anisotropic stiffness coefficients, this isotropic adsorption stress induces an anisotropic swelling.
Permeability model
As mentioned previously, the permeability-change models are commonly established by two means, strainbased and stress-based. We adopt here a stress-based model that correlates the logarithm of horizontal permeability to the horizontal and vertical Terzaghi's effective stresses, σ, such that,
where k 0 is the reference horizontal permeability at a reference state. This model independently incorporates the effects of the horizontal effective stress and of the vertical effective stress through introducing two cleat compressibility coefficients α h and α v . This is different from the common used models that employed the mean effective stress or the horizontal effective stress (Somerton et al., 1975; Shi and Durucan, 2004; Cui et al., 2007) .
Reference material
The reference coal for the analysis comes from Forzando mine in South Africa, at depth of 500 m. Several cores were drilled in the horizontal and vertical directions. To calibrate the parameters of the adsorptive poromechanical model and of the permeability law in Espinoza et al. (2014) , experiments were performed using a specifically designed triaxial cell that is able to 1) apply independently axial and radial stresses, 2) measure core axial and radial deformations, 3) measure gas uptake by the coal specimen, and 4) measure core permeability. The four elastic constants of dry coal specimens (E, E 3 , ν, ν 3 ) were measured from the stressstrain data on cores (drilled horizontally and vertically) under anisotropic loading in drained conditions.
The coal matrix bulk modulus (K m ) was chosen as the bulk modulus of the coal core for the highest applied confining stress 30 MPa. Cleat-induced Biot coefficients and Biot modulus (b 1 , b 3 , N ) were then obtained from Equation (5). The mean initial macroporosity (ϕ c0 ) was estimated subtracting the microporosity of coal matrix from the helium (total) porosity. The adsorptive properties (n max 0
, P L , c) were obtained from simultaneous fitting of 1) the coal matrix total sorption data, 2) the total uptake measured in the triaxial experiments, 3) the change of strains upon injection, and 4) the measured swelling slopes upon predominant adsorption regime. With regards to the permeability law, the cleat permeabilities at different horizontal and vertical Terzaghi's effective stresses were measured at constant flow rate regimes. Details of the calibration work can be found in Espinoza et al. (2014) , and the best fitting parameters are summarized in Table 1 . Three points should be noted. First, the adsorptive properties given in Espinoza et al. (2014) were tested with CO 2 . For methane, we set n max 0 = 1.2 mol/L and c = 9, which yields an adsorption stress for methane equal to about half of the adsorption stress for CO 2 at the same pore pressure.
Second, as discussed previously, the ratio E/E 3 can be greater or lower than 1 depending on the sample size.
The tested coal cores in Espinoza et al. (2014) exhibited very little anisotropy. To assess the importance of the anisotropy of stiffness, we define a reference virtual fractured coal core that is more anisotropic. The vertical Young's modulus of the virtual material is identical to that of the tested coal cores E 3 = 2551 MPa, but the horizontal Young's modulus is set such as E/E 3 = 1.6. Third, for the sake of simplification, the anisotropy of mechanical properties is assumed to totally come from the inequality between E and E 3 , so we set ν = ν 3 = 0.198.
Analytical models for coal permeability changes
Analytical models for different geomechanical conditions
For a representative volume element of fractured coal in oedometric condition i.e., ∆ε h = 0 and ∆σ v = 0, combing Equation (5) into the first three equations in Equation (1) yields:
We recall that the stiffness coefficients as function of 
The variation of mean Terzaghi's effective stress is:
Combing Equation (7) into Equation (6), we finally obtain the pressure-permeability relationship in oedometric condition:
In isochoric condition, ∆ε h = ∆ε v = 0. Similar to the derivation in case of oedometric condition, the horizontal and vertical stresses in isochoric condition are:
Then the pressure-dependent permeability in isochoric condition is:
The equations of pressure-dependent permeability for different cases (Equations 10 and 12) comprise two terms: 1) variation of pressure, and 2) variation of adsorption stress. Actually, the two terms distinguish two mechanisms that govern changes in the cleat permeability. Consider reduction in pore pressure during depletion. The first term, called as a "poromechanical" term, leads to a cleat compression because the effective stress increases. The second term, called as an "adsorptive" term, causes a matrix shrinkage resulting from pressure decrease. The two terms have opposite effects: the "poromechanical" term results in a decrease in k, whereas the "adsorptive" term leads to an increase in k. The final k-P curve is the combination of the two opposing effects (Figure 2 ). In oedometric condition, the curve exhibits a concave shape. For   9   473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531 low pressure, as adsorption stress is much higher than pore pressure (Figure 1b) , the "adsorptive" term predominates so the cleat permeability increases with decreasing pore pressure. However, for high pressure, dS a /dP reduces significantly (Figure 1b ) so that the "poromechanical" term becomes predominant; the cleat permeability decreases with decreasing pressure. In isochoric condition, the cleat permeability vs. pressure is a monotonic function because the adsorption stress is always greater than the pore pressure in the studied range.
In oedometric condition, it exists a rebound pressure that marks the minimum value of the cleat permeability. The rebound pressure is obtained by solving for ∂k/∂P = 0, which yields:
For the reference material, Equation (13) yields dS a /dP = 2.9, and the rebound pressure is 7.2 MPa.
From the equation above, one can deduce that the increase of E/E 3 leads to the increase of dS a /dP , thus the rebound pressure decreases accordingly; while the decrease of α v /α h results in an increase in the rebound pressure. 
Model validation
The oedometric condition is a common field condition assumed in the analytical models such as P-M model and S-D model. Broadly, our proposed model is a generalization of the relation between stresses and permeability in the S-D model: instead of only considering the dependence of permeability on the effective horizontal stress, as is the case in the S-D model, both the dependences on the horizontal and vertical 10   532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590 stresses are considered in our model (see Equation 10 ). The fact that permeability depends also on vertical (i.e., axial) stresses and not only on horizontal (i.e., radial) ones has been experimentally shown by Espinoza et al. (2014) . Moreover, the adsorption property of the coal matrix is described by a term of adsorption stress in our model instead of by a term of swelling strain in S-D model.
The proposed model is verified against both field and laboratory data. Shi and Durucan (2010) used their own model to fit the San Juan basin permeability data. The same data is also matched with our model (Equation 10). Most of the model parameters (as summarized in Table 1 ) are not available from the field data. However, as discussed previously, the main difference of our model in comparison with the S-D model lies in Equation (6), which also considers the effect of vertical stress on the permeability change. Hence, we focus here on this difference, and the anisotropy of the poromechanical properties are neglected. The Young modulus and Poisson ratios are assumed to be identical and chosen the same as those (E = E 3 = 2900
MPa, ν = ν 3 = 0.35) in Shi and Durucan (2010) . The model parameters regarding the coal matrix (K m , n max 0 , P L , c) for the San Juan basin coal are assumed the same as those of the reference material (Table   1) 591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649 The performance of the proposed model (Equations 7 and 10) is also tested using the laboratory data of Mitra et al., (2012) , in which both the horizontal stress and the permeability are measured. As done in the model match for the field data, the parameters K m , n max 0
, P L , and c are assumed the same as those of the reference material (Table 1 ). The Poisson ratios (ν, ν 3 ) are assumed to be identical and equal to 0.3, i.e., the same as those in , who also matched the laboratory data using their S-D model.
Since the size of the samples in Mitra et al. (2012) . As shown in Figure 4 , the proposed model can reproduce appropriately both the horizontal stress and the permeability. The deviation of the predicted horizontal stress for the lowest two pressure points (when P is less than 1.4 MPa) can be explained by the reduction in Young's modulus at low pore pressure Shi and Durucan, 2018) .
The same experimental data has also been matched by MPa (Figure 4 ). In contrast, the proposed model succeeds in fitting the whole experimental data using a constant α h value.
The role of anisotropy
Analytical modeling at the scale of representative volume element
The role of the anisotropy of stiffness
In the following, the role of different anisotropy terms on the k-P relationship will be explored. To do so, three types of equivalent materials are established: the first neglecting the anisotropy of stiffness, the second neglecting the anisotropy of permeability dependence on stresses, and the third neglecting both anisotropies.
The coefficients of these equivalent materials are calibrated on the permeability variations predicted with the anisotropic model (Figure 2 ). Comparisons are conducted to assess how well the equivalent isotropic models can reproduce the permeability variations predicted with the anisotropic model, and thus the role of the different types of anisotropy can be discussed.
1 the anisotropy of the elastic properties is indeed expected to be somehow related to the size of the sample, since, in particular because of the presence of cleats, elastic properties are known to depend on the size of the sample 12   650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708 Pore pressure (MPa) As mentioned previously, the anisotropy of stiffness in the present work specifically refers to the difference between E and E 3 . To evaluate its importance for the k-P relationship, we consider an equivalent isotropic material. The two elastic constants are assessed in two ways. In the first way (called free K method), the Young's modulus and Poisson ratio of the equivalent isotropic material are calculated such that its volumetric Terzaghi's effective stress in oedometric condition (refer to Equation 9) is identical to that of anisotropic material:
We obtain E ia = 3648 MPa and ν ia = 0.283. The superscript ia stands for the equivalent material with isotropic stiffness and anisotropic permeability dependence on stresses. For this isotropic material, still employing the same anisotropic permeability dependence on stresses as for the reference anisotropic material, we predict exactly the same k-P curve with respect to the reference anisotropic material in oedometric condition, shown in Figure 5a . Actually, in oedometric condition, the equivalence of the volumetric Terzaghi's effective stress (i.e., 2σ h /3 + P ) implies the equivalence of the horizontal stress. Hence, the anisotropy of stiffness can be neglected without introducing any error. However, using the free K method, the bulk modulus of the isotropic material (1/K ia = 3(1 − ν)/E − 3ν 3 /E 3 ) is skewed (the isotropic bulk modulus of the anisotropic materials is 1/K = 2(1 − ν)/E + (1 − 4ν 3 )/E 3 ), shown in Figure 6 . To avoid the mismatch 13   709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767 in bulk modulus, we propose another method (called constrained K method): the bulk modulus K is constrained, and the second elastic constant (ν ia ) is obtained by fitting the pressure-permeability curve in oedometric condition, i.e., minimizing (log k s iso − log k) 2 . The fitting yields ν ia = 0.219. This constrained K method can result in an almost perfect reproduction of the P -k curve with respect to the reference anisotropic material (see Figure 5a ).
To quantify the error induced by disregarding different terms of anisotropy, we define an error norm i.e., e = mean( log(k i iso /k) ), where i might refer to s (in case of disregarding the anisotropy of stiffness), p (in case of disregarding the anisotropy of permeability dependence on stresses) or sp (in case of disregarding both anisotropies of stiffness and of permeability dependence on stresses). We carry out a parametric analysis varying α h and E with constrained α v and E 3 , and the results in case of disregarding the anisotropy of stiffness are shown in Figure 7 , for both oedometric and isochoric conditions. In general, both methods reproduce well the pressure-permeability curve in oedometric condition, for which the averaged k s iso /k is less than 10 0.05 = 1.1. Using the constrained K method, the error increases with the anisotropy degree of stiffness and of permeability dependence on stresses.
The elastic constants of equivalent isotropic material calibrated in oedometric condition are applied for the prediction of the P -k curve in isochoric condition, shown in Figure 5b . In general, the free K method overestimates the cleat permeability, whereas the constrained K method underestimates the cleat permeability. This trend can be explained by Equation 12, considering b ia equal to 0.44 and 0.58 for the free and constrained K methods, respectively (compared to b 1 = 0.52 and b 3 = 0.64). Regarding the absolute value of the errors, the constrained K method provides better prediction in isochoric condition: the average of k s iso /k is 10 0.25 = 1.8 using the constrained K method; whereas, it can reach 10 0.60 = 4.0 using the free K method (Figure 7c and 7d) .
The role of the anisotropy of permeability dependence on stresses
We now evaluate the importance of the anisotropy of permeability dependence on stresses. To do so, while keeping the anisotropic elastic properties unchanged, we consider a permeability that only depends on the volumetric stress so that the two coefficients α h and α v are replaced by a single coefficient α ai .
This coefficient is determined by fitting the P -k curve using the same principle as for the identification of the second elastic constant of the equivalent isotropic material using constrained K method: it yields α ai = 0.156 MPa −1 . For this virtual material that obeys isotropic permeability dependence on stresses, the pressure-permeability curve is below that for the reference material in oedometric condition ( Figure 5c) ; whereas, the permeability is overestimated in isochoric condition (Figure 5d ). Figure 8 ).
The error e on permeability induced when disregarding the anisotropy of permeability dependence on stresses is shown in Figure 9 . It is normal to observe that the error increases with α h /α v . The dependence of the error with E/E 3 is more complex. In oedometric condition, the error increases with E/E 3 up to a maximum and then reduces slightly (Figure 9b ). In isochoric condition, two troughs exist in the e-E/E 3 curve: the first is at lowest E/E 3 value, while the second is close to 1.4 with e = 0 regardless of the α h /α v value (Figure 9d ).
Compared to neglecting the anisotropy of stiffness, disregarding the anisotropy of permeability leads to larger deviations from the k-P curves in the anisotropic case: in the tested α h /α v and E/E 3 intervals, the averaged k p iso /k in oedometric and isochoric conditions can reach nearly 10 0.3 = 2.0 and 10 1.2 = 15.8, respectively, in comparison to 10 0.05 = 1.1 and 10 0.25 = 1.8 when neglecting the anisotropy of stiffness.
Disregarding both anisotropies of stiffness and of permeability dependence on stresses
We now consider the case where both anisotropies of stiffness and of permeability dependence on stresses are neglected. In this totally isotropic case, the material properties reduce to three: one for the permeability law (α ii ) and two for the stiffness (E ii and ν ii ). To assess the three parameters, a method comparable to that used for investigating the role of the anisotropy of stiffness is applied again: the two coefficients before the pore pressure and adsorption stress terms are identical in anisotropic and totally isotropic cases for oedometric condition (Equation 10). Since the oedometric condition only leads to two equations for three unknowns, the system is underdetermined. The third equation can be introduced by equating the P -k curves in isochoric condition (Equation 12). Thus,
For the totally isotropic material, Equation (15) yields E ii = 4342 MPa, ν ii = 0.099, and α ii = 0.142 MPa −1 . This leads to an exact reproduction of the k-P curves in both oedometric and isochoric conditions (Figures 5e and 5f ). However, as for the case of disregarding the anisotropy of stiffness, the bulk modulus of the totally isotropic material is skewed respect to the bulk modulus of the reference anisotropic material (Figure 10 ). Moreover, this equivalent totally isotropic material cannot reproduce the same P -k curves in 15   827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885 other geomechanical conditions, and the error might be more significant than for the case when only one term of anisotropy is neglected. We provide here two examples: free swelling condition (i.e., ∆σ r = ∆σ a = 0) and inverse oedometric condition (i.e., ∆σ r = 0, ∆ε a = 0), shown in Figure 11 .
Numerical simulation at the scale of reservoir
In the section above, the role of anisotropy in permeability changes was investigated at the scale of representative element volume, and some geomechanical assumptions were employed in the derivation of the analytical equations, e.g., the assumption of uniaxial strain and constant vertical stress (i.e. of oedometric condition). These assumptions do not exactly match the coalbed conditions for real methane recovery at the scale of reservoir, and so the accuracy of the analytical modeling should be investigated. For instance, oedometric condition is the most common condition used for matching CBM production (Palmer and Mansoori, 1998; Shi and Durucan, 2004) . During the production, subsidence and pressure gradients lead to creation of shear stress as well as changes in vertical stress (Settari, 2002) . Moreover, there is field evidence that the uniaxial strain assumption may not be accurate during reservoir subsidence (Connell, 2009 ).
This section is devoted to assessing how formation permeability changes with declining reservoir pressure. Once the pressure-permeability relationship is established independently, the analytical models and subsequent analysis obtained in the previous section can be tested in how well they match the response at the reservoir scale. To do so, reservoir simulations are performed considering the same four materials as in the previous section. 1) A totally anisotropic reference material with material properties given in Table   1 . 2) An equivalent isotropic material, but the permeability of which still depends in different manners on horizontal and vertical effective stresses. The isotropic mechanical constants are E ia = 3648 MPa and ν ia = 0.283. 3) An anisotropic material, but with the permeability that only depends on the volumetric stress: its cleat compressibility is α ai = 0.156 MPa −1 . 4) A fully isotropic material: its elastic properties are isotropic (E ii = 4342 MPa and ν ii = 0.099), and its permeability only depends on the volumetric stress (α ii = 0.142
We model the depletion of a coal seam containing pure methane at 312.15 K. Vertical and horizontal insitu total stresses are 23 MPa and 14 MPa, respectively; initial pressure of methane is 10 MPa. Simulation is axisymmetrical. The radius of the borehole is 0.1 m. The radius of the coal seam is 100 m, its thickness is 5 m. 30-m-thick impervious isotropic cap rock and bed rock are considered in the simulation, their mechanical properties are: E c = 10 GPa and ν c = 0.26. The simulation is conducted through the in-house software "Bil" based on the finite element method. The mesh (with a total element number of 21571) used in the simulations is displayed in Figure 12 , together with the mechanical boundary conditions. With regards to 16   886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940  941  942  943  944 the hydraulic boundary conditions in the coal seam, flow is null at outer boundary. Two types of boundary conditions are considered at the borehole: constant production rate (0.001 mol/(s.m 2 )) and constant pressure
(1 MPa). In case of constant production rate, the small rate is employed so that methane can be recovered more fully and the reservoir pressure can fall to a low value (down to 5MPa in our simulation) to maintain this production rate. This enables obtaining the permeability variation curve in a wide pressure range. We consider that the kinetics of methane flowing from the coal matrix to the cleats is very fast: at any time, at any location in the coal seam, the pressure of the fluid in the cleats and the thermodynamic pressure of the fluid in the coal matrix are considered to be equal.
Estimation of reservoir permeability
The reservoir simulation gives rise to production data including gas rate history, evolution of pressure profile in the reservoir. These data are then used to calculate the formation permeability k g (in mD) using the production data analysis method (Lee et al., 1984; Clarkson, 2007) :
where r e and r w are drainage radius and wellbore radius, q g is gas surface flow rate, m is pseudo-pressure (in psi 2 /cp), P r and P wf stand for reservoir pressure and bottomhole pressure, s is skin factor (assumed equal to 0 here), and D is inertial or turbulent flow factor (in D/Mscf, assumed equal to 0 here). In the following, the reservoir pressure P r is equal to the pressure at the outer boundary P e . The derivation of Equation (16) is based on the pseudo-steady-state analytical solution of a radial flow from a finite cylindrical reservoir at a constant production rate, and the derivation details are provided in Appendix A. It should be noted that our equation slightly differs from the equation in the literature (Lee et al., 1984; Clarkson, 2007) : the constant 0.75 is modified into 0.5.
To validate Equation (16), we model recovery of methane from a coal seam with invariant permeability (i.e., α h = α v = 0). The other mechanical and permeability properties are the same as the reference material. Equation (16) is valid for the pseudo-steady-state, i.e., t D > 0.3r 2 eD (refer to Appendix A). For the considered system, the time for reaching the pseudo-steady-state is 4.5 years. After this time, the estimated reservoir permeability agrees well with the coal permeability, which validates Equation (16).
Reservoir simulation results
The profiles of pore pressure at different times in two cases (i.e., constant flow and constant pressure)
are shown in Figure 13 ; the evolution of borehole pressure and pressure at outer boundary is displayed in 17   945  946  947  948  949  950  951  952  953  954  955  956  957  958  959  960  961  962  963  964  965  966  967  968  969  970  971  972  973  974  975  976  977  978  979  980  981  982  983  984  985  986  987  988  989  990  991  992  993  994  995  996  997  998  999  1000  1001 1002 1003 Figure 14 . Given the range of applicability of Equation (16), the pressure-permeability curve is estimated only after 4.5 years or more have elapsed since methane production started. The k-P curve determined from the reservoir simulation is shown in Figure 15 . The analytical model curves for oedometric and isochoric conditions also are given for comparison. One observes that oedometric condition gives a good representation of the reservoir. Compared to the constant-pressure condition, the constant-flow condition gives rise to a k-P curve more consistent with that for the analytical oedometric condition. This is mainly because Equation (16) is derived from the analytical solution of the flow equation in case of constant production rate.
When the anisotropic material is simplified by an equivalent material with isotropic stiffness using Equation (14), we reproduce the same k g -P curve as in the reference anisotropic case. This is also the case when both anisotropies of stiffness and of permeability dependence on stresses are disregarded. When neglecting the anisotropy of permeability dependence on stresses, the pressure-dependent permeability curve deviates from the curve for the anisotropic material: for the reference material considered, it underestimates the reservoir permeability. These observations at the scale of reservoir are comparable with those obtained from analytical modeling at the scale of representative element volume.
Conclusion
The effect of anisotropy on the horizontal permeability changes in coal seams was investigated. The analysis was based on a fully anisotropic model consisting of both the anisotropies of stiffness and of how horizontal permeability depends on stress. The main findings include:
• The analytical expression of the horizontal permeability changes in oedometric condition is derived.
Different from the existing models that merely considered the dependence of the horizontal permeability on the horizontal stress or on the mean stress, the proposed model separately incorporates the effects of r 2
where α n are the roots of
J 1 and Y 1 are Besel functions of the first and second kind, respectively and both of order one.
When t D is sufficient large (t D > 0.3r 2 eD ), the summation term in Equation A.10) becomes negligible, and the pressure at the well and at the outer boundary are simply:
Combining the two above equations and using the definition of the dimensionless variables, we obtain,
In the derivation above, it was assumed that the medium is homogeneous and isotropic and that flow is single-phase and obeys Darcy's law. In real case, deviations from these idealizations are frequent and can not be ignored. Two terms commonly are considered: 1) the skin effect to account for the altered permeability at the vicinity of well because of well drilling, fracturing or acidizing on completion; 2) the inertial /turbulent flow effect that are not taken into account by Darcy's law. Taking the two effects into account, we finally obtain the equation for estimating the formation permeability by production data. 
